Objective: To investigate gender difference in the effects of daytime sleep on item and source memories, which are dissociable elements of declarative memory, and the effects of sleep on recollection and familiarity, which are two processes underlying recognition. Methods: Participants saw a series of pictures with either blue or red background, and were then given a pretest for item and source memories. Then males and females respectively were randomly assigned either to a wake or a sleep condition. In the wake condition, participants remained awake until the posttest; in the sleep condition, participants slept for 1 h until awakened and asked to remain awake until the posttest. Results: Daytime sleep contributed to retention of source memory rather than item memory in females, whereas males undergoing daytime sleep had a trend towards increased familiarity. For females, however, neither recollection nor familiarity appeared to be influenced by daytime sleep. Conclusion: The mechanism underlying gender difference may be linked with different memory traces resulting from different encoding strategies, as well as with different electrophysiological changes during daytime sleep.
INTRODUCTION
did an experiment demonstrating sleep to be beneficial for memory. Over the past century many other researchers have continued to explore the effect of sleep on memory (Born et al., 2006; Ekstrand, 1967; Yaroush et al., 1971; Walker and Stickgold, 2004; Walker et al., 2002a; Schabus et al., 2004; Gottselig et al., 2004; Drosopoulos et al., 2005; Daurat et al., 2007; Atienza and Cantero, 2008; Rauchs et al., 2008) . One reason for such persistent interest is that discovering the effect of sleep on memory has a two-fold significance of contributing to the understanding of both the functions of sleep and mechanisms of human memory.
Declarative memory refers to the memory of facts or events learned through exposure. Although there have been many studies examining the effect of a whole night of sleep, the number of studies investigating the role of a daytime nap on declarative memory is small and the conclusions from them are controversial. In a study by Backhaus and Junghanns (2006) , after executing procedural (mirror tracing) and declarative memory tasks (paired associates), participants were assigned to wake and nap conditions that lasted about 45 min, and it was found that the daytime sleep improved procedural memory, rather than declarative memory. Tucker et al.(2006) , however, investigated the effect of a period of slow wave sleep (SWS) on procedural and declarative memories (using mirror tracing and paired associates tasks, respectively), and came up with a contrasting conclusion. In this study, following the encoding phase, participants experienced one of the two Journal of Zhejiang University SCIENCE B ISSN 1673-1581 (Print); ISSN 1862-1783 (Online) www.zju.edu.cn/jzus; www.springerlink.com E-mail: jzus@zju.edu.cn conditions: they either remained awake (the wake condition) or were allowed a short sleep (the nap condition). In the nap condition, participants were allowed to sleep for about 1 h and, if they obtained SWS during this period, were permitted to continue to sleep until the first period of SWS came to its end. It was found that SWS significantly improved declarative memory, rather than procedural memory. conducted two experiments to examine the effect of daytime nap on declarative memory (using a paired associates task). In the first experiment, after the encoding period, participants either remained awake or napped for 1 h. Participants who napped showed better memory performance than those who kept awake. In the second experiment, participants were assigned to one of the three conditions, in which they napped for 1 h, or 6 min, or remained awake for 1 h. The critical finding is that napping, either for 1 h or 6 min, significantly enhanced declarative memory. In addition, participants napping for 1 h demonstrated better memory performance than those napping for only 6 min.
The above mentioned controversy may stem from the fact that both sleep and declarative memory are two complicated variables, between which the relationship can be influenced by a wide variety of factors. Sleep can be broadly categorized as slow wave sleep and rapid eye movement sleep, which may have differential influences on declarative memory. In addition, the different amount of sleep at a specific stage can be a critical factor that accounts for the existent controversy. In the study of Backhaus and Junghanns (2006) , the amount of SWS that participants obtained was 8.7 min, while participants in the study of Tucker et al.(2006) , however, obtained 22.4 min. The effect of nap can also be modulated by the way in which declarative memory is tested, e.g., recall versus recognition (Diekelmann et al., 2008) .
Although there has been evidence supporting the role of sleep in declarative memory, the tasks in many studies do not, in a strict sense, deal with episodic memory, which is an important element of declarative memory. In fact, declarative memory was frequently tested via the task of paired associates. In our opinion, results based on such a task are clearly insufficient for a thorough understanding and an ultimate conclusion of the effect of sleep on declarative memory. In order to have convincing evidence concerning the role of sleep in declarative memory, it is necessary to adopt a task that examines the various elements underlying declarative memory.
Episodic memory is composed of two elements, source and item memories. Source memory refers to recollection or recall of the context from which an item or fact is acquired, whereas item memory refers to recognition or recall of previously presented information itself. To our knowledge, no studies of sleep so far have examined the effects of sleep on source and item memories. There is little doubt that the above two elements of episodic memory are integral to a comprehensive understanding of the effect of sleep on declarative memory. For instance, if it turns out that sleep affects source memory but not item memory, then it is unjustifiable to state generally that sleep has an effect on declarative memory.
Many studies have shown that males and females differ in episodic memory. Guillem and Mograss (2005) found that males and females used different strategies in processing facial pictures. The processing in females entails more detailed elaboration of information content, whereas the processing in males is more likely to be driven by schemas or overall information. Horgan et al.(2004) found that under the conditions of both directed and incidental learning, women recalled information concerning the appearance of their social targets more accurately than men did. Burton et al.(2004) studied gender differences in implicit and explicit memories for affective passages and found that male subjects showed greater priming for affective material than female subjects, and a greater gain in explicit memory for affective material compared to neutral material than female subjects. Piefke et al.(2005) investigated gender differences in functional neuroanatomy of emotional episodic autobiographical memory and found that in males, all types of autobiographical memories investigated were associated with differential activation of the left parahippocampal gyrus. By contrast, the right dorsolateral prefrontal cortex was activated differentially in females. In addition, the right insula was activated differentially in females during remote and negative memory retrieval. These studies demonstrate that gender differences exist in episodic memory.
Thus far, gender differences have been completely ignored in the majority of sleep research.
Therefore in this study we aimed to examine whether there would be gender differences in the effect of daytime sleep on declarative memory. In addition, as an extension of the study of Hu et al.(2006) , who investigated the effect of nocturnal sleep on memory of emotional pictures, we were interested to know whether R (remember) and K (know) responses as defined by Tulving (1983) would be differentially influenced by daytime sleep. An R response indicates that recollection evokes a specific episode in which the stimulus was previously experienced, and a K response indicates that the recollection is only based on familiarity.
In this study the paradigm of daytime sleep was used because it is less likely to be compromised by the confounding factors, such as circadian rhythm, growth hormone, level of alertness, and cortisol. It was found that during daytime sleep there is hardly any growth hormone secretion and much lower variation in the level of alertness (Monk et al., 1997) . Therefore, it can be expected that an investigation that adopts a paradigm of daytime sleep will have more internal validity.
Based on the studies demonstrating gender differences in episodic memory and the studies showing that memory consolidation by sleep is dependent on reactivation and replay of memory traces formed during learning (Pavlides and Winson, 1989; Walker et al., 2002b) , we hypothesized that episodic memory of males and females would be differentially influenced by daytime sleep. It was previously discovered that the effect of sleep was subject to modulation of strength of memories and that sleep was favorable to consolidation of memory of weak strength (Stickgold et al., 1999; Walker et al., 2002b) . Because K responses are representative of memories of weak strength, we also hypothesized that the accuracy of K responses, which represents familiarity, would be better maintained through daytime sleep compared to that of R responses, which represents recollection. In addition, we expected that males and females would be differently influenced by daytime sleep in terms of recollection and familiarity.
MATERIALS AND METHODS

Participants
Forty participants (20 males and 20 females) aged between 19 and 27 years old (mean=21.54 years, SD=1.79 years) from several universities in Beijing, China, took part in the experiment. All participants were habitual noon sleepers, non-smoking, righthanded, and free from any sleep and mood disorders. They had no history of severe organic or mental illnesses. One week before the experiment they were asked to write sleep diaries. During the experimental days they were required to sleep at 23:00 and get up at 7:00, and were required to refrain from drinking any alcoholic or caffeinated beverages. Each participant was paid 30 yuan for taking part in the experiment.
Design and procedure
Experimental design was shown in Table 1 . Twenty male and 20 female participants were respectively randomly assigned to the wake and sleep conditions so that in each condition there were 10 males and 10 females. In the sleep condition, participants arrived at the lab at approximately 13:00, and had electrodes placed on their scalps for 25 min. Then at 13:30 the learning began, in which they memorized a sequence of pictures and their corresponding background colors. The learning took about 5 min. Immediately after learning, they received the pretest that lasted for about 10 min. At 13:50 they were asked to sleep in a bed in a sound-attenuated room. After sleeping for 1 h they were awakened and asked to surf the Internet or play computer games to reduce sleep inertia. At 15:30 they received the posttest, which took about 10 min. The two sets of pictures used prior to and after sleep were counterbalanced.
In the wake condition, participants reported to the lab at 13:00, and waited until 13:30 when the learning started. Immediately after the learning they received the pretest, and were then required to stay in the lab surfing the Internet or playing computer games until 15:30, when they received the posttest in the same procedure as the sleeping participants experienced. The two sets of pictures used prior to and after the waking period were counterbalanced.
Memory task
During the learning phase, participants were randomly presented with a sequence of 28 pictures, which were originally selected from the picture database by Snodgrass and Vanderwart (1980) and were then standardized in terms of complexity, imagery, and familiarity. Two pictures at the beginning and two pictures at the end of the sequence were used to buffer primacy and recency effects. Constituting the remaining stimuli were 24 pictures of objects that fall into six categories: animals, fruits, clothes, plants, daily utensils, and furniture. In each category, two pictures were displayed upon a background color of blue and two pictures were displayed upon a background color of red. This approach aimed to eliminate the possibility that participants memorized the background color of stimuli simply by memorizing the category to which an object belonged. During each trial, a crosshair first appeared at the center of screen for 500 ms, and then a picture was presented for 4000 ms. Participants sat in front of a computer with a viewing distance of about 50 cm, and were encouraged to use association or any other mnemonics to commit effectively to memory both the pictures and the screen background colors in which they appeared. The learning phase lasted about 5 min.
During the pretest phase, which took place immediately after the learning phase, participants were presented with 24 pictures, half of which were completely new and half selected from the 24 pictures that had been learned. The two sets of pictures were matched in complexity, imagery, and familiarity. For each picture, participants were asked to make one of the following three responses by clicking the mouse as fast and accurately as possible: (1) I remember this picture (R response); (2) I know this picture (K response); (3) I did not see this picture. An R response indicates that participants are able to consciously recollect the context and details associated with the initial presentation of a picture, and a K response indicates that the recollection is only based on familiarity. If they made the first or second choice, they were required to choose the background color in which a specific picture was initially presented during the learning phase. They were asked to click either "red" or "blue" as quickly and accurately as possible. The next picture did not appear until participants made all relevant responses for the current picture. If they made the third choice, then they were presented with the next picture, for which they had to make one of the above three choices again.
During the posttest phase, which occurred 2 h after the initial learning phase, the remaining 12 pictures that had been learned were mixed with another
Sleepiness scale
Both before the learning phase and posttest phase, participants were asked to make a choice on Stanford Sleepiness Scale (http://www.stanford.edu/ ~dement/sss.html).
Electroencephalogram (EEG) recording
Participants in the sleep condition were monitored continuously with digital EEG acquisition software (NeuroScan, El Paso, TX, USA) using a seven-channel montage: four EEG (C3, C4, O1, O2), two electrooculography [vertical electrooculogram (vEOG) and horizontal electrooculogram (hEOG)], and chin electromyography (EMG), according to the International 10-20 System. C3 and O1 were referenced to M2 (the right mastoid); C4 and O2 were referenced to M1 (the left mastoid). vEOG was recorded bipolarly using two electrodes affixed above and below the left pupil. hEOG was recorded bipolarly from identical electrodes and attached to the outer canthi of both eyes. All signals were filtered (0.10-Hz high-pass filter; 70-Hz low-pass filter; 50-Hz notch filter) and digitized online with a 250-Hz sampling rate. Following artifact rejection for the recorded signals, sleep stages were visually inspected using the standard criteria (Rechtschaffen and Kales, 1968) .
Data analysis
Data analyses were conducted using SPSS for Windows 15.0. The level of significance was set to be 0.05. Univariate analyses were made, with the fixed factors being gender (male versus female) and condition (sleep versus wake). The dependent measures of memory improvement were obtained by subtracting pretest accuracy of memory from posttest accuracy of memory. Accuracy of item memory was determined according to the two-high threshold model (Snodgrass and Corwin, 1988) . Accuracy of source memory was calculated as the percentage of correctly recalled background colors for the pictures that were correctly judged as having been presented in the learning phase.
Univariate analyses were conducted to analyze the effect of sleep on recollection and familiarity, with the fixed factors being gender (male versus female) and condition (sleep versus wake). The indexes of recollection and familiarity were the proportion of R responses (R hit rates minus R false alarm rates) and the proportion of K responses (K hit rates minus K false alarm rates), respectively. The dependent measures were obtained by subtracting the proportions of R and K responses at the pretest from the corresponding proportions at the posttest. The data of six participants, whose hit rates were lower than false alarm rates in terms of R responses, were excluded. The data of 11 participants, whose hit rates were lower than false alarm rates in K responses, were excluded.
RESULTS
Sleepiness scale
Univariate analyses showed that before the learning there was no significant difference in sleepiness for both the wake and sleep groups. At the posttest, however, participants in the sleep group were significantly less sleepy than those in the wake group [F(1, 33)=8.115, P=0.008] 1 . Further analyses showed that, both before the learning and at the posttest, male participants in sleep condition did not significantly differ from those in the wake condition. Before the learning, female participants in the sleep condition did not differ from those in the wake condition, but at posttest the former were significantly less sleepy than the latter [F(1, 16)=5.631, P=0.031].
Sleep parameters
The sleep parameters are displayed in Table 2 . It can be seen that overall participants needed about 10 min to fall asleep and the total sleep time was more than 30 min. No participant entered rapid eye movement (REM) sleep.
Effects on item and source memories
Descriptive data for the pretest item and source memory performance were presented in Descriptive data for item and source memories both at the pretest and the posttest were given in Tables 4 and 5. Analyses on item memory improvement showed that there were no significant main effects for either gender [F(1, 35) 
Effects on recollection and familiarity
Descriptive data for recollection and familiarity both at the pretest and the posttest were given in Table  6 . The changes in recollection and familiarity relative to the pretest were given in Table 7 . As to the analyses on recollection improvement, no significant main effect was found either for gender [F(1, 30) 
Correlations between sleep parameters and memory performance
Pearson's correlational analyses based on data from all participants in the nap condition showed that neither item memory improvement nor source memory improvement was significantly correlated with any of the sleep parameters (P>0.05 in both groups). However, memory performance at the posttest was significantly correlated with the duration of sleep stage 1 (for item memory, r=0.45, P=0.046; for source memory, r=0.487, P=0.03) . In addition, item memory at the posttest was marginally significantly correlated with total sleep time (r=0.39, P=0.089); source memory at the posttest was significantly correlated with total sleep time (r=0.486, P=0.03).
Analyses based solely on data of all male participants in the nap condition showed that neither item memory improvement nor source memory improvement was significantly correlated with any of the sleep parameters (P>0.05). However, analyses based solely on data of all female participants in the nap condition showed that item memory improvement was significantly correlated with the duration of sleep stage 2 (r=−0.634, P=0.049), and source memory improvement was marginally significantly correlated with the duration of sleep stages 1 (r=0.578, P=0.08) and 2 (r=−0.598, P=0.068).
In analyzing the correlation between recollection and familiarity improvements and sleep parameters, for males we did not find any significant correlation. However, for females recollection improvement was significantly correlated with the duration of sleep stage 2 (r=−0.758, P=0.029), and familiarity improvement was marginally significantly with total sleep time (r=0.732, P=0.062).
DISCUSSION
Effects on item and source memories
To the best of our knowledge, this is the first research into gender differences in the effects of daytime sleep on item and source memories. Our study mainly aimed to answer two questions: (1) Does daytime sleep have different effects on item and source memory performance for males and females? (2) Does daytime sleep have different effects on recollection and familiarity for males and females?
Compared to previous studies showing the effect of sleep on declarative memory, our investigation has yielded several new findings: (1) 1 h of daytime sleep does not have an effect on item memory, but does have an effect on source memory. (2) The effect of 1 h of daytime sleep interacts with gender of participants; that is, such a period of sleep contributes to source memory for females, but is not beneficial for males. (3) It is males, rather than females, whose recollection and familiarity tend to be influenced by sleep, for napping males had significantly less recollection but numerically more familiarity.
Although it is very well-established that sleep has an effect on procedural memory, the debate continues as to whether sleep can also influence declarative memory. The findings of our study are consistent with the growing body of evidence suggesting the role of sleep in declarative memory (Tucker et al., 2006; Born et al., 2006; Walker and Stickgold, 2004; Walker et al., 2002b; Schabus et al., 2004; Gottselig et al., 2004; Drosopoulos et al., 2005; Rauchs et al., 2008). However, a new finding from our study is that the effect of sleep varies depending upon the specific elements of declarative memory. Although item memory for pictures seemed immune to the effect of sleep, source memory, which is in our study the memory for background color of pictures, benefited from sleep. Therefore, when considering the role of sleep in declarative memory, it is necessary to be clear about the specific element of declarative memory in the first place. It is risky to make a conclusive remark about a general or universal effect of sleep on declarative memory.
Our study shows that, for females, daytime sleep contributed to source memory but not to item memory. This finding adds to the existing bulk of evidence supporting the dissociation between source and item memories. Our results are consistent with the finding that item and source memories have been observed dependent upon separate neural substrates (Slotnick et al., 2003) , and with the mechanism that sleep is a process during which specific brain areas are activated. It might be speculated that the neural structures responsible for processing source memory are preferentially activated in sleep (at least for females).
With regard to source memory, we found that males and females were differentially affected by daytime sleep and females had better source memory retention whereas males had worse source memory retention. It might be hard to explain this phenomenon, but we attempt to provide some speculations. The first reason may be that, during the learning phase, females used mnemonic strategies different from the ones used by males, despite the same instructions provided for both males and females. It is likely that different memory strategies lead to different memory traces. In particular, females have been shown to be superior to males in verbal memory. Females are more likely to employ their verbal advantage even if a memory task requires other forms of mental processing (Herlitz and Rehnman, 2008) . In our study, participants were required to memorize both the pictures and the corresponding background colors, and they were encouraged to use mnemonic devices to associate the pictures and the background colors. Compared to males, females are more likely to rely more upon their verbal advantage to establish more hippocampus-dependent memory traces. The comparison analysis based on data in Table 3 provides some support to our speculation that females may use better encoding strategies that enable them to bind more successfully an object to its contextual features, which, in turn, led to greater reactivation during sleep in the hippocampus, where the traces of source memory are stored temporarily and then transferred to cortical areas. Buzsaki (1989) suggests that primarily during SWS a "hippocampo-neocortical dialog" occurs to strengthen the memory trace, with the hippocampus generating spontaneous sharp wave-ripple (SPW-R) complexes, which presumably provide efferent potentiation of cortical targets activated during information encoding.
The second reason may be that, although females do not differ from males in terms of total sleep time, females who experienced a period of sleep may undergo different, subtle electrophysiological changes that are favorable to source memory. Indeed, a study that examined gender differences in sleep spindle topography found that females showed a significantly higher percentage of spindles in the left frontal channel than males (Huupponen et al., 2002) . Considering a number of studies showing that SWS and sleep spindles are critical to consolidation of declarative memory (Clemens et al., 2005; Peigneux et al., 2004; Schabus et al., 2004) , it seems reasonable that we only found females to benefit from daytime sleep.
One possible explanation for better source memory performance of the females undergoing sleep is that they were at a higher level of alertness at the posttest. Apparently, such an explanation is inadequate and unsatisfying. Pearson's correlation analysis showed that for females there was no significant correlation between sleepiness and source memory performance at the posttest (r=−0.054, P=0.831). To further examine the effect of sleepiness on source memory performance, we also did Pearson's correlation analysis based on the pretest data, and found no significant correlation between sleepiness and source memory performance (r=−0.013, P=0.960). In addition, we did analysis based on the respective change in sleepiness and source memory performance improvement, but we found no significant correlation between the changes in sleepiness (i.e., sleepiness at posttest minus sleepiness at pretest) and source memory improvement (i.e., source memory scores at posttest minus source memory scores at pretest) (r=−0.016, P=0.949). The above analyses demonstrated that sleepiness was not a factor involved in source memory improvement for females.
Another explanation for better source memory retention of napping females is that they had less interference compared to the females in the wake condition. However, this explanation is not satisfying in that item memory was not influenced. In addition, if reduced interference per se can account for the memory performance, then napping males should also have shown better memory performance, which is not what we observed.
It is important to note that the source memory of males actually suffered from 1 h of daytime sleep, indicating that at least in the domain of source memory, there may exist different mechanisms of consolidation for males and females. For males, a period of wakefulness seems to better support consolidation of source memory. Indeed, in one study that used a "tracking" task to evaluate the modulator effects of spatial and procedural learning on brain activation across multiple scanning sessions (Peigneux et al., 2004) , it was found that the pattern of brain activation associated with the unrelated task shifted over a 2-h period of repeated scans during which volunteers remained awake. In another study that used auditory identification learning (Roth et al., 2005) , it was found that that 12 h post-training in the waking state was as effective as 12 h including no less than 6 h of night's sleep. This study demonstrated that the existence of a latent, hours-long, consolidation phase in a human auditory verbal learning task could occur even during wakefulness. In fact, despite the growing evidence concerning the contribution of sleep to memory consolidation, it is far from clear that under which conditions sleep is necessary, simply favorable, or unimportant to memory consolidation (Walker, 2005) .
Effects on recollection and familiarity
After sleep males had significantly less recollection but tended to have more familiarity, whereas the recollection and familiarity of females were not influenced by sleep. This finding is consistent with the finding of Hu et al.(2006) that sleep facilitated familiarity, but not recollection, of emotional declarative memory. However, our finding is in contrast to the finding of Drosopoulos et al.(2005) , who found that sleep enhanced only explicit recollection. The reason for this disagreement might lie in the difference in experimental paradigms; we used a remember/know procedure, but Drosopoulos et al.(2005) used a process dissociation procedure. Another reason might be linked with the difference of materials. In our study, pictures with either red or blue background were used as stimuli, but in the study by Drosopoulos et al.(2005) , words were employed as stimuli. It is possible that, although both memories for pictures and words are hippocampus-dependent, these two forms of memories may involve slightly different neural networks. It is difficult, however, to come up with a definite explanation through this behavioral study.
Although no significant main effect of sleep was observed for recognition performance as a whole, our study suggests that sleep does tend to influence one component of recognition: familiarity. However, only the males undergoing sleep, compared to the males undergoing the same interval of wakefulness, tend to show an increase in familiarity but a decrease in recollection. While the exact mechanism underlying the different effects of sleep on recollection and familiarity remains unclear, it may be because recollection and familiarity are dependent upon distinct neural substrates. Using event-related potentials (ERPs), Duarte et al.(2004) found that during retrieval, familiarity was associated with an enhanced positivity at frontopolar scalp sites from 150 to 450 ms, whereas recollection was associated with positive ERP modulations over bilateral frontal (300~600 ms) and parietal (450~800 ms) sites. To explain our results, it might be speculated that for males, the neural substrates respectively responsible for familiarity and recollection are differentially influenced by a period of daytime SWS. However, this is certainly a preliminary notion whose confirmation demands neuroimaging techniques.
Correlations between sleep parameters and memory performance
Many studies have found that sleep parameters are correlated with subsequent memory performance. For example, Nishida and Walker (2007) found that the duration of sleep stage 2 was correlated with motor memory performance. However, to our knowledge, no studies so far have considered gender differences in correlational analyses. Are males and females differentially influenced by specific sleep parameters?
The correlational analyses we made provided some insights to the above question. While for males none of the sleep parameters was correlated with memory performance, a different pattern occurred for females, whose item memory was significantly correlated with sleep stage 2 and whose source memory was marginally significantly correlated with sleep stages 1 and 2. Gender difference also existed as to the correlations between sleep parameters and recollective states. For males, neither recollection nor familiarity was significantly correlated with any of the sleep parameters; however, for females, recollection was significantly correlated with sleep stage 2 and familiarity was marginally significantly correlated with total sleep time. These different correlational patterns between males and females add some support to our speculation that during daytime sleep males and females may undergo different physiological and neurochemical changes. In summary it might be said that females are more likely than males to be subject to the influences of daytime sleep.
